Canadian Journal of Microbiology D r a f t ABSTRACT Mitochondrial porin, which forms voltage-dependent anion-selective channels (VDAC) in the outer membrane, can be folded into a 19 β-stranded barrel. The N-terminus of the protein is external to the barrel, and contains α-helical structure. Targeted modifications of the N-terminal region have been assessed in artificial membranes, leading to different models for gating in vitro. However, the in vivo requirements for gating and the N-terminal segment of porin are less well-understood. Using Neurospora crassa porin as a model, the effects of a partial deletion of the N-terminal segment were investigated. The protein, ∆N2-12porin, is assembled into the outer membrane, albeit at lower levels than the wild-type protein. The resulting strain displays electron transport chain deficiencies, concomitant expression of alternative oxidase, and decreased growth rates. Nonetheless, its mitochondrial genome does not contain any significant mutations. Most of the genes that are expressed in high levels in porin-less N. crassa are expressed at levels similar to wild-type or are slightly increased in ∆N2-12porin strains. Thus, although the N-terminal segment of VDAC is required for complete function in vivo, low levels of a protein lacking part of the N-terminus are able to rescue some of the defects associated with the absence of porin.
for review).
Analysis of refolded, recombinant VDAC1 and VDAC2 from vertebrates has revealed a common structure, comprised of a 19-stranded β-barrel, and an N-terminal segment of about 25 residues that does not form part of the barrel (Hiller et al. 2008 , Bayrhuber et al. 2008 , Ujwal et al. 2008 , Gattin et al. 2015 , Schredelseker et al. 2014 . The relatively uniform nature of gating by the VDACs characterized to date suggests either a conserved process driven by voltage potentials in vivo, or a conserved structure and charge distribution that lead to similar effects on channels analyzed in vitro. Several studies using variants of fungal and human porins lacking most or part of the N-terminal segment indicate that these residues are involved in gating (Koppel et al. 1998 , De Pinto et al. 2008 ). Other studies (Popp et al. 1996) have suggested that the N-terminus is not required for gating, but the molecules used in these studies carried N-terminal hexa-histidine tags, which may have partially compensated for the shortened N-termini (see Shuvo et al. 2016 for discussion).
One aspect of the role of N-terminus that has been studied to a lesser extent is its essentiality in vivo. Mitochondrial porins lacking either 11 or 22 N-terminal residues are imported into isolated mitochondria of N. crassa, although they are assembled into a more proteasesensitive form . Similarly, human VDAC1 (hVDAC1) variants lacking 7 or 19 N-terminal residues co-localize with mitochondria when expressed in transformed monkey D r a f t kidney fibroblast (Cos-7) cells (De Pinto et al. 2007) . In these cells, overexpression of the truncated hVDAC1 molecules abolished the pro-apoptotic effect associated with overexpression of the wild-type protein, indicating a direct or indirect role for the N-terminus in apoptosis.
However, the native monkey VDACs were also expressed in those cells, precluding analysis of the participation of the N-terminally deleted hVDAC in key cellular processes. The importance of this region in vivo is further suggested by experiments in which the N-terminal sequence of hVDAC3 was replaced with that of hVDAC1, resulting in a pore that complemented Saccharomyces cerevisiae ∆por1 mutant that lacked the main porin isoform (Reina et al. 2010 ).
This yeast is a facultative aerobe, and although these experiments indicate an important role for the N-terminus of VDAC in cellular function, they do not directly test the question of whether a porin lacking part of the N-terminus can complement a VDAC-less strain of an obligate aerobe.
To address this question, the N. crassa model system was used; in this organism porin is not essential, but its absence results in severe mitochondrial defects (Summers et al. 2012) .
N. crassa possesses a single VDAC isoform, allowing for more straightforward interpretation of results. Electrophysiological analysis of variants of this porin revealed that the absence of part (∆2-12porin) or all (∆3-21porin) of the N-terminal segments did not preclude the formation of gated channels (Popp et al. 1996) . However, ∆3-21porin produced noisy channels and, following import into isolated mitochondria, and was more sensitive to externally added protease than wild-type and ∆2-12porin . Therefore, the latter protein was chosen for analysis and a strain of N. crassa was generated in which the wild-type porin gene was replaced with one encoding ∆2-12porin. The mitochondrial function of the strain was assessed, and the relative levels of mRNA encoding several proteins that are up-regulated in porin-less cells were examined. D r a f t
MATERIALS AND METHODS
Strains and growth conditions -The strains used in this study are listed in Table 1 and were maintained according to Davis and De Serres (1970) . Strains harboring the VDAC (porin) variant genes were created using the homologous recombination strategy developed by Colot et al. (2006) and Ninomiya et al. (2004) and the wild-type strain FGSC 9718. For ∆N2-12porin, the wild-type VDAC gene was replaced by that encoding a variant lacking residues 2-12. Conidia were transformed with a linear DNA fragment containing base pairs (bp) -1000 to -320 upstream of the native porin start codon (amplified from FSGC 9720), the hygromycin resistance cassette from pCNS44 (Staben et al. 1989) , bp -320 to -1 upstream of the porin gene, the cDNA sequence encoding ∆2-12porin (Popp et al. 1996) , and about 1400 bp of sequence downstream of the porin stop codon. The first and last sequences listed were designed to provide homologous sequences for the double recombination event that would replace the wild-type porin coding sequence with the ∆2-12porin coding sequence flagged with an adjacent hygromycin-resistance marker. DNA sequence analysis of the integrated sequences revealed that the recombination event to the 3' side of the ORF occurred between exon 4 in the genome and the transformed cDNA. Thus, intron 4 is retained in the ∆2-12porin strain.
A strain expressing a relatively low amount of VDAC (LoPo) was constructed from FGSC 9718 by replacing the native VDAC promoter region with that of the N. crassa tom40 gene.
Wild-type conidia were transformed with a linear DNA fragment containing bp -1000 to -320 upstream of the native porin start codon (amplified from FSGC 9720), the hygromycin resistance cassette from pCNS44 (Staben et al. 1989) , bp -300 to -1 upstream of the tom40 gene (from FGSC 9718), and the cDNA sequence encoding the wild-type VDAC (Popp et al. 1996) . Following confirmation of the correct insertion by DNA sequencing, homokaryotic strains were generated by 7 rounds of repeated subculturing and confirmed by PCR. Levels of VDAC were determined using an antibody against residues 7-20 (R. Lill and W. Neupert, Universität D r a f t München) or residues 195-210 (GenScript, Piscataway, NJ).
Mitochondrial analyses
Mitochondria were isolated according to Harkness et al. (1994) , following growth in Vogel's Medium (VM). The respiration control rate (RCR) was used to assess integrity as described in Bahn et al. (2016) and Kuznetsov et al. (2008) . Mitochondrial integrity was more than 70% for all experiments.
Growth rate, cytochrome spectra and O 2 consumption measurements were collected as described in Summers et al. (2012) , with the exception that an Oxygraph-2k (Oroboros Instruments, Innsbruck, Austria) was used. Microscopy was performed following the protocol described in Ferens et al., in press.
RNA extraction and cDNA synthesis
Cultures were grown for 21-25 hours at 30 o C in VM. One gram (wet weight) of hyphae was flash frozen with liquid nitrogen and was ground with RNase-free sand in a mortar and pestle. One fifth of each sample was used for whole cell RNA extraction using a Plant RNA kit (Qiagen, Mississauga, ON, Canada) following manufacturer's instructions except that the initial volume of RLC buffer was 650 µl to which 6.5 µl of 2-mercaptoethanol were added. To remove the genomic DNA, the samples were treated with 1.5 Kunitz units of DNase I (Qiagen) for 30 min at 37•C, followed by heat inactivation at 65 o C for 5 min. Next, 1 µg of total RNA was used to synthesize cDNA using the Bio-Rad iScript reverse transcriptase kit (Bio-Rad, Mississauga, ON, Canada). To ensure that all genomic DNA was removed by DNase treatment, a control reaction lacking reverse transcriptase (NRT) was set up using all the reaction components except the reverse transcriptase enzyme. D r a f t
Quantitative Reverse Transcriptase PCR (qRT-PCR)
Analysis was carried out with the primers listed in Table 2 . The efficiency of the primers was tested with 10-fold serial dilutions of genomic DNA and ranged from 88-103%. The expression of genes was determined by quantitative PCR by using SsoFast Evagreen Supermix (Bio-Rad).
The NRT control described above and a reaction lacking template (NTC) were used to control for the presence of genomic DNA in the sample, and for nucleic acid contamination in the reaction mixture, respectively. Reactions were set up using primer concentrations of 300 nM and 1.6 µl of cDNA (diluted 1:2) in 8-µl reaction mixtures. Actin (NCU04173) was used as a reference gene. Relative expression levels were determined using the cycle threshold method (∆∆C t ) on an Eco Real-Time PCR System (San Diego, California, USA). Relative expression levels were calculated using the following equations:
∆Cq= Cq target-Cq reference ∆∆Cq = ∆Cq sample -∆Cq control R= 2 -∆∆ Cq where "Cq" is the PCR cycle in which fluorescence is detected, "target" to the mRNA under study, "reference" to actin, "sample" to the data obtained with ∆2-12Porin cDNA and "control" to that from the wild type (FGS9718). Each measurement was carried out in triplicate, data analysis was performed using EcoStudy Software v 5.0.
Mitochondrial genome analysis
Mitochondrial DNA (mtDNA) was isolated following the protocol described in Bertrand et al. (1985) . Approximately 100 ng of DNA in 75 µl of H 2 0 were supplied to Genome Quebec (Innovation Centre, McGill University, Quebec, Canada) for Illumina sequencing using the MiSeq platform. DNA samples were barcoded and combined on a MiSeq run. Average size D r a f t reads were 250 bp, average quality was 35 and quality offset was 33, reconfirmed by FastQC.
Paired-end reads were assembled de novo with the A5-MiSeq pipeline (Coil et al., 2015) , which was updated for Illumina MiSeq from the A5 pipeline (Tritt et al., 2012) . The scaffolds were sorted and joined to prepare the complete genome with the aid of our own Python script as well as manual inspection. The mtDNA sequence was annotated with the program Artemis (Rutherford et al., 2000) 
Determination of relative protein level by mass spectroscopy
Mitochondria were washed with 1 M sodium carbonate (pH 10) as described in Court et al. (1996) to enrich for membrane proteins and proteins were separated via SDS-PAGE. Regions of the gel containing both VDAC (30 kDa) and adenine nucleotide translocator (ANT, 34 kDa) were excised from SDS-PAGE gels, and prepared for mass spectrometry analysis, essentially as described by Shevchenko et al. (2006) . Mass spectra were acquired on a prototype MALDI QqTOF instrument (Loboda et al. 2000) . Relative porin levels were estimated by normalizing total ion counts (TIC) for porin to the TIC for ANT obtained for each strain, and then comparing to the same value from the wild-type samples (see Supplementary Table 1) .
RESULTS

Porin lacking the N-terminal 12 amino acids is assembled poorly into the outer membrane
In vitro-synthesized ∆2-12porin can form pores in artificial membranes (Popp et al. 1996) and can be imported into isolated mitochondria, where it assembles in a membrane-embedded form that is more accessible to externally added protease than the wild-type protein . To investigate the function of this truncated porin in vivo, the gene for the wild-type porin was replaced with that encoding ∆N2-12porin. To determine if ∆N2-12porin was assembled into the mitochondria of the resulting strain, western blot analysis was performed (Fig. 1) . The truncated porin was present in significantly lower levels than in the wild-type. The relative level of ∆N2-12porin, normalized to that of the inner membrane adenine nucleotide translocator (ANT), was about one-tenth of that in the wild-type strain, as estimated by mass spectroscopy (Supplementary Table 1 ) and quantitation of signals on the western blots.
One possible explanation for the low levels of ∆N2-12porin is a reduction in steady state levels of the corresponding mRNA. To investigate this possibility, porin (NCU04304) mRNA levels were analyzed using qRT-PCR (Fig. 2) . In ∆N2-12porin strain mRNA levels were not reduced compared to wild-type. Thus, the low protein levels likely reflect suboptimal posttranscriptional processes.
The low levels of the variant protein complicate the analysis of the mutant strains, because phenotypic changes could result from reduced protein levels, or the partial truncation of the N-terminus, or both. In order to separate these factors, a control strain was generated in which the transcription of porin is driven by the tom40 promoter. Tom40 is significantly less abundant in the MOM than is porin (Schmitt et al. 2006) . The resulting strain, LoPo, harbours about half as much porin as does the wild-type strain (Fig. 1, and (Summers et al. 2012) . To determine if the ∆2-12porin strain possesses similar characteristics, cytochrome spectra (Fig. 3A) and oxygen consumption (Fig. 3B) were analyzed.
Levels of cytochromes b and aa 3 were reduced in ∆N2-12porin strain and enhanced expression of cytochrome c was observed, which is common in Neurospora strains with deficiencies in cytochromes b and aa 3 (for example see Infanger and Bertrand 1986). As expected from these results, the ∆2-12porin strain expresses cyanide-insensitive, salicylhydroxamic acid (SHAM)-sensitive oxygen consumption, indicative of expression of alternative oxidase (Lambowitz and Slayman 1971) . To exclude the possibility that the defects in cytochromes aa 3 and b resulted from spontaneous mutations in the mitochondrial genes encoding some of the proteins they associate with, this DNA was sequenced from the wild-type, ∆Por-1 and ∆2-12porin strains. The only mutation detected was in ∆2-12porin, and was a short deletion in a segment containing a partial duplication of the ND2 gene (bp 59634-59638 of the FGSC9718 mtDNA sequence). This duplication does not encode a functional ND2 polypeptide (Agsteribbe et al. 1989; McCluskey 2012) . Mutations in nuclear genes may also be responsible for these mutations, but analysis of these genomes are beyond the scope of the current study.
LoPo, the strain harbouring a lower level of wild-type porin (50% of wild-type) is similar to wild-type in terms of growth (Table 3 ) and electron transport chain (Fig. 3A) . Thus, while it cannot be excluded that the level of porin is insufficient in ∆N-2-12porin variant, the data D r a f t obtained with LoPo suggest that the defects in ∆N-2-12porin are due to the truncated porin rather than reduced porin levels. xxxxx Hyphae were stained with MitoTracker to assess the overall abundance and distribution of mitochondria in the strain harbouring ∆N2-12porin. Compared to the wild-type and LoPo strains, the variant strain displayed lower numbers of fluorescent mitochondrial punctae (Fig. 4) .
Gene expression associated with ∆2-12porin
Analysis of the mitochondrial proteome of the ∆Por-1 strain revealed a subset of proteins and corresponding mRNAs that were overexpressed in that strain compared to the wild-type FGSC 9718 (Summers et al. 2012, Supplementary Table 2) . To evaluate whether ∆N2-12porin
can compensate for the loss of porin, quantitative PCR of cDNA derived from ∆N2-12porin RNA was used to determine if the same set of genes are upregulated in this strain. RNA levels corresponding to proteins present in lower relative amounts in ∆Por-1 were similar for both wildtype and ∆Por-1 strains (Summers et al. 2012) , and were therefore excluded from the current analysis. These proteins are constituents of the intermembrane space, suggesting that damage to the MOM during mitochondrial preparation resulted in their loss.
The results of the RT-qPCR analysis for alternative oxidase in ∆N2-12porin was similar to wild-type (Fig. 2) . In contrast to the previous study (Summers et al. 2012) , alternative oxidase (aod-1) mRNA was detected in wild-type RNA samples (Supplementary Table 2) , likely due to the use of a more sensitive qPCR detection system. This observation agrees with the detection of mRNA for aod-1 in wild-type strains using RNAseq (Desaulniers 2013), even though alternative oxidase activity, and mRNA and protein are not readily detectable in wild-type by northern and western blot methods, respectively (Tanton et al. 2003) . Given the apparent similarities in aod-1 mRNA levels in wild-type and ∆N2-12porin strains, it is unexpected that cyanide-insensitive respiration is detected only ∆N2-12porin. Similarly, incongruous results were D r a f t obtained with the 238porin strain, which expresses low levels of porin lacking residues 238-242.
In this strain, alternative oxidase activity was detected although the protein was not (Ferens et al. in press) . In contrast, both aod-1 mRNA and protein were observed in the ∆Por-1 strain. The reasons for these observations are not clear, but may include regulation at the posttranscriptional level.
The expression levels of several other genes that are upregulated in ∆Por-1 were not distinguishable from wild-type (P > 0.05; Fig. 2 ). The only exception was the RNA for coq4 (NCU02157), which is involved in ubiquinone biosynthesis, and was present in much lower levels than in wild-type (P < 0.05).
DISCUSSION
The N-terminus may contribute to several aspects of porin function, including gating and/or changes to barrel shape that may influence ion selectivity and pore size (see Shuvo et al. 2016 ) and interactions with metabolic enzymes such as hexokinase (Arzoine et al. 2009 ). The current study indicates that porin lacking part of the N-terminal segment is not assembled at normal levels in the membrane, and the associated mitochondria do not maintain a normal electron transport chain.
In spite of these low levels of porin, the growth rate of the ∆N2-12porin strain is over 85% of the wild-type rate (Table 2) , in comparison to less than 30% for the porin-less strain (Summers et al. 2012) . Similarly, a variant expressing 238porin at levels less than 5% of wildtype porin, also grows at more than 85% of the wild-type rate (Ferens et al., in press ). Thus, low levels of two different porin variants partially rescue the growth rate defect associated with the absence of porin. Taken together, these results suggest that ∆N2-12porin is at least partially functional, as 238porin contains a wild-type N-terminus and is associated with a similar D r a f t phenotype when expressed at low levels. Both proteins are capable of generating wild-type sized pores in artificial membranes (Popp et al. 1996) .
Nonetheless, the reduced levels of ∆2-12porin complicate the interpretation of the phenotypes associated with the mutant. In an attempt to separate the effects of the N-terminal truncation and the low level of porin, a strain expressing low levels of wild-type porin was generated by replacing the porin promoter with that of Tom40. The resulting strain expressed ~50% of wild-type levels of porin and is phenotypically wild-type, although it cannot be excluded that a further reduction in wild-type porin levels would lead to mitochondrial defects.
∆N2-12porin is present at lower levels in mitochondria than the wild-type protein, although the amounts of mRNA are not lower than in wild-type. Therefore, reduced levels of ∆2-12porin are most likely linked to one or more defects in translation, nascent protein stability and subsequent targeting and assembly of the protein in the outer membrane. In vitrosynthesized ∆N2-12porin can be imported and assembled into isolated mitochondria , indicating that the molecule retains a mitochondrial targeting signal. Once it has crossed the MOM through the TOM complex, assembly of porin into the membrane requires the sorting and assembly complex (SAM, reviewed in Dukanovic and Rapaport 2011). The "β-signal" recognized by the SAM complex is located in the C-terminal β-strand of the protein (see Bay et al. (2012) for the predicted N. crassa signal), so it is unlikely that targeting to the SAM complex is defective. Nonetheless, inefficient release from the TOM or assembly via the SAM complex cannot be ruled out.
Sampling of mRNA for genes overexpressed in ∆Por-1 strains revealed levels closer to wild-type in the ∆N2-12porin-expressing strain. This result suggests that low levels of ∆N2-12porin can partially compensate for the absence of wild-type porin. The only underexpressed mRNA in ∆N2-12por was for coq4 (NCU02157), involved in ubiquinone biosynthesis.
The reason for this reduction is not clear. Although statistical support was not strong, the mRNA D r a f t putatively encoded by NCU05850 was increased two-fold. Although this gene is annotated as a rubredoxin-NAD(+) reductase, recent work has identified it as a homologue of the apoptosisrelated oxidoreductase (aif-1, . However, unlike its mammalian counterpart, AIF-1 does not appear to be required for assembly of complex I and therefore the reason for its abundance in ∆Por-1 is not clear.
CONCLUSIONS
The N-terminus of porin is required for the efficient assembly of the protein in mitochondria, and maintenance of the standard electron transport chain and lower levels of mitochondria are observed in the ∆N2-12por strain. The expression of low levels of D r a f t † data taken from (Summers et al. 2012) ‡ not detected in wild-type § not applicable
